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ABSTRACT
The objective of this study is to evaluate the difference of the soil water management in mango orchards between the
varieties of “Irwin” in Japan and “Nam Dok Mai” in Thailand. Field observations were conducted in mango orchards in
Okinawa, Japan and Phrao, Thailand to clarify the water management practices. Measurement of the hourly soil water
content in Phrao indicated that the irrigation was scarce and the volumetric water content in the soil was maintained
almost constant. in the flowering season. This can be the farmers’ practice for flower induction. After the flowering
season, irrigation was frequent in order to produce the large fruit. In the harvest season, the soil water content was
relatively high because of frequent irrigation and rainfall. In Okinawa, the volumetric water content was maintained at
the same level in a relatively deep layer. The result at the 5 cm depth indicated that the farmer carefully controlled the
soil water content. In the flowering season, the soil water content was relatively low. While the orchard was managed
empirically, the volumetric water content near the soil surface was maintained over 25% during the harvest season. This
result indicates that the farmer performed the good soil water management to enhance mango fruit quality even without
technical measurement. A numerical model describing the soil water and heat transfers was introduced to predict the
farmer’s empirical soil water management in Okinawa. Using the meteorological data in March 2010, the irrigation
regime was predicted using the simulated soil water content. In the flowering season, the farmer irrigated when the soil
surface water content reached 14%. Based on this criterion for the empirical soil water management, the simulation result indicated that the farmer irrigated four times in this period. The numerical model presented here can be useful for
evaluating the differences in water management practices of local farmers.
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1. Introduction
Mango (Mangifera indica L.) is one of most important
crops in tropical and subtropical regions, including
southeastern Asia and Central and South America.
Thailand is one of the most important mango producers
and exporters in the world. There are many varieties of
the mango fruit, including “Nam Dok Mai”, “Maha
Chanok”, “Chok Anan”, and so on. As “Nam Dok Mai”
is produced for export to Japan and European countries,
the farmer is expected to manage the field condition to
ensure the quality and safety of fruits. In Japan, the
demand for mango fruit as a luxury gift has accelerated
its production. Okinawa, an island located southwest of
Japan, is the main producer of mango fruit in Japan, and
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“Irwin” is the major variety produced. Most farmers
conduct the empirical water management carefully to
enhance the yield and quality of mango fruit in Okinawa.
Soil water management is one of the most important
factors for the development, yield, and quality of the
mango fruit. The effects of water management on the
yield, development, and quality of the mango fruit have
been researched. Azevedo et al. (2003) [1] determined
the daily water requirements of a mango orchard comprised of the “Tommy Atkins” variety. Gonzalez et al.
(2004) [2] indicated that pre-flowering irrigation increased the overall photosynthetic activity of the mango
tree of “Kensington Pride” variety at the time of flowering and affected the yield of the mango fruit. Spreer et al.
(2007, 2009) [3,4] clarified the difference of the yield
and quality of mango fruit of “Chok Anan” variety under
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2. Study Site
Field observation was conducted in mango orchards in
Phrao and Okinawa. Phrao is located in north Thailand,
80 km from Chiang Mai. Okinawa is an island located
southwest of Japan, 1600 km from Tokyo, and classified
as a subtropical zone. “Nan Dok Mai” and “Irwin” are
produced in Phrao and Okinawa, respectively. Figure 1
shows the monthly precipitation in Chiang Mai and Okinawa in 2009. Chiang Mai has a dry season and a rainy
season, as shown in this figure. In Okinawa, precipitation
is relatively high throughout the year, except for January
and February. The monthly mean air temperature in
Chiang Mai and Okinawa are shown in Figure 2. From
June to September, the temperature is almost the same in
both areas, but from October to May, the temperature in
Okinawa is lower. Specifically, in the winter season (December to March), the temperature drops below 20 degrees in Okinawa.
Copyright © 2013 SciRes.
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Figure 1. Monthly changes of the precipitation in Chiang
Mai and Okinawa in 2009.
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Mean temperature (°C)

various irrigation regimes in Thailand. Teixeira et al.
(2008) [5] introduced the eddy covariance technique to
estimate the actual evapotranspiration in the mango
orchard of “Tommy Atkins” and assessed the daily and
seasonal mango evapotranspiration in the different rainfall regimes. Silva et al. (2009) [6] conducted field
observation to determine the evapotranspiration (ET) and
water use efficiency (WUE) in mango orchard of “Tommy Atkins”, and clarified that ET and WUE were
affected by soil water availability.
The results of these studies indicate that the soil water
management is one of the most important factors for
healthy breeding and enhancing the yield and quality of
mango fruit. To improve the growth, yield and quality of
mango fruit, the soil water condition should be carefully
managed, considering the variety of mango fruit, weather
condition, and so on. However the soil water management practices for different varieties of the mango fruit
has not yet been evaluated. In particular, the soil water
management conditions of the lucrative varieties of
mango fruit including “Nam Dok Mai” and “Irwin” have
not been clarified. Since better breeding strategies for
mango fruit should be developed together with appropriate management practices for its production, it is very
important to clarify the farmers’ empirical soil water
management for the lucrative varieties.
The objective of this study is to evaluate difference of
the soil water management in mango orchards between
the varieties of “Irwin” in Japan and “Nam Dok Mai” in
Thailand. Field observations were conducted in mango
orchards in Japan and Thailand to clarify the water management practices. A numerical model describing the soil
water and heat transfers was introduced to predict the
farmers’ empirical soil water management.
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Figure 2. Monthly changes of the mean air temperature in
Chiang Mai and Okinawa in 2009.

Whereas the mango fruit is produced at open fields in
Phrao; in Okinawa, a plastic greenhouse culture has been
introduced. The mango fruit grown in Phrao is for export,
and the farmer is expected to manage the field condition
carefully to retain safety and quality. In Okinawa, the
mango fruit is produced to be consumed as a luxury gift
in Japan. Farmers there carefully manage the field conditions, including the soil water content, air humidity, and
temperature, to ensure the fruit quality.

3. Field Observation
Field observations were conducted to clarify the difference of the soil water management. Soil sampling was
conducted to measure the soil water retentivity and
hydraulic conductivity in Phrao and Okinawa. Soil water
retention curve was obtained by suction plate method and
centrifuge method. Unsaturated hydraulic conductivity
was measured by One-step method.
The soil water content was measured at the depth of 5
cm, 15 cm and 25 cm using soil moisture sensors
(ECH2O-10 and ECH2O-TE, Decagon) in both locations.
In addition, solar radiation, air temperature, and humidity
were measured in the Okinawa field.
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4. Numerical Model to Predict the Irrigation
Regimes
4.1. Governing Equations of Soil Water and Heat
Transfer
Using the data obtained in Okinawa, a two-dimensional
soil water and heat transfer model was introduced to
simulate the soil water content and to predict the irrigation regime in the mango field. The governing equation
describing soil water and heat transfers can be described
as follows:
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4.2. Boundary Conditions
The energy budget on the soil surface at the mango field
can be described as follows:
(3)

where Rn is the net radiation (Wm−2), E is the latent heat
flux (Wm−2), H is the sensible heat flux (Wm−2), and G
is the ground heat flux (Wm−2).
The net radiation Rn can be estimated using the following equation considering the shortwave and longwave
radiation balance.
Rn  1    Rs  Lc  Lsky  Lsoil

(4)

where Rs is the shortwave radiation on the soil surface
(Wm−2), Lc is the longwave radiation from the crop body
(Wm−2), Lsky is the longwave radiation from the sky
(Wm−2), Lsoil is the longwave radiation from the soil surface (Wm−2), and α is the albedo.
The sensible heat flux and the latent heat flux on the
soil surface can be estimated as follows:
Copyright © 2013 SciRes.

(5)
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where Ts is the soil surface temperature (˚C), cp is the
specific heat of the air (J·kg−1·˚C−1), ea is the air vapor
pressure (hPa), es is the vapor pressure on the soil surface
(hPa), ra is the diffusion resistance (s·m−1), γ is the psychrometer constant (hPa·˚C−1), and ρ is the air density
(kg·m−3).
The diffusion resistance can be calculated using the
following equation (Chamberlain, 1968) [7]:

ra 

where Cv is the volumetric heat capacity (J·m−3·˚C−1), Dw
is the isothermal water diffusivity (m2·s−1), Dwv is the
isothermal vapor diffusivity (m2·s−1), DT is the thermal
water diffusivity (m2·s−1·˚C−1), K is the hydraulic conductivity (m·s−1), L is the latent heat of water vaporization (J·kg−1), S is the sink (m3·m−3·s−1), T is the soil temperature (˚C), t is the time (s), λ is the thermal conductivity (W·m−1·˚C−1), ρw is the water density (kg·m−3), and θ
is the volumetric soil water content (m3·m−3).
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where Dv is the molecular diffusion coefficient (m2·s−1),
u* is the friction velocity (m·s−1), z is the height of the
measurement of the wind velocity (m), z0 is the roughness length(m), ξ is the effective soil surface roughness
(m), and υ is the kinematic viscosity of air (m2·s−1). The
constants a, b, and c are reported as 0.52, 0.45, and 0.8,
respectively, by Chamberlain (1968).
Using energy balance estimated by Equations (3)-(7),
boundary conditions on the soil surface can be described
as follows:
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Figure 3 shows the schematic view of the numerical
model describing water and heat transfers in the soil. To
solve the two-dimensional transfers of water and heat,
the finite-differential method was used (Yuge et al., 2005)
[8].
Using the numerical model as well as the meteorological data in Okinawa in 2010, the volumetric water
content on the soil surface was simulated and the irrigation regime was predicted. It was not possible to simulate
the irrigation regime in Phrao due to insufficient data
caused by technical problems in the field.

5. Results and Discussion
Figure 4 shows the soil water retention curve in Phrao
and Okinawa. From this figure, the soil water retentivity
in Okinawa is high compared with the data in Phrao. The
difference of the saturated volumetric water content
between Phrao and the Okinawa is about 20%.
The hydraulic conductivities in Phrao and Okinawa are
shown in Figure 5, from which the difference of the
hydraulic conductivity in these fields can be evaluated.
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Figure 6. Hourly change of the soil water content in Phrao.

Figure 3. Schematic view of numerical model describing
water and heat transfers in the soil.
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Figure 4. Soil water retention curve in Phrao and Okinawa.

1.0E+00
Phrao

1.0E-01

Okinawa

1.0E-02
1.0E-03
1.0E-04
1.0E-05
0

0.1
0.2
0.3
0.4
0.5
3
-3)
Volumetric
water
content
(m
m
Volumetric water
·m

0.6

Figure 5. Unsaturated hydraulic conductivity in Phrao and
Okinawa.

The change of the hydraulic conductivities in Okinawa is
drastic compared with the volumetric water content of
Phrao.
Figure 6 shows the hourly change of the soil water
content in Phrao from mid-September 2009 to July 2010.
Soil water condition was maintained high from September to early November because it was rainy season as
sown in Figure 1. In the flowering season after the rainy
season, water supply was scarce and the volumetric water
content in the soil was maintained almost constant. This
Copyright © 2013 SciRes.

water management to keep lower soil water content may
be the farmers’ practice for flower induction. After the
flowering season, irrigation was frequent to produce the
large fruit. In the harvest season, the soil water content
was relatively high because of frequent irrigation and
rainfall.
Figure 7 shows the changes of the volumetric water
content from late March to December 2009 in Okinawa.
At the depths of 15 cm and 25 cm, the volumetric water
content was maintained at the same level. The result at
the 5 cm depth indicates that the farmer carefully controlled the soil water content. In the flowering season, the
soil water content was relatively low. During the harvest
season, the volumetric water content near the soil surface
was maintained over 25%. This result indicates that the
farmer empirically irrigated in order to enhance the
mango fruit quality.
Comparing Figures 6 and 7, the fluctuation of the soil
water content in Phrao is larger than that in Okinawa. In
Okinawa, the mango fruit was grown in greenhouses and
the farmer controlled the soil water condition carefully to
produce high-quality fruit. In Phrao, the mango fruit was
grown in an open field and management of the soil water
content was affected by meteorological conditions. The
soil water content in the flowering season in Okinawa
was much lower, compared with the soil water content in
Phrao.
Figure 8 depicts the hourly change of the volumetric
water content simulated using the meteorological data in
Okinawa in March 2010. In the flowering season, the
farmer supplied the irrigation water when the soil surface
water content reached 14%. Based on this criterion for
the empirical soil water management, it was found that
the farmer irrigated four times in this period.

6. Conclusions
To evaluate the soil water management difference in
mango orchards between Thailand and Japan, field observations were conducted in Phrao and Okinawa, respectively. Soil water retentivity in Okinawa was higher
AJPS
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perature and humidity, wind velocity, and precipitation,
are collected. The numerical model introduced here is
useful for irrigation scheduling. Its effectiveness in enhancing the yield and quality of mango fruit has to be
tested under field conditions.
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compared with Phrao. The hydraulic conductivity showed significant differences between Okinawa and Phrao.
The difference of the soil water management was clarified by the measurements of the temporal changes of soil
water content. The results indicated that the farmers
changed the irrigation regime with the growth stages of
mango fruit, which is in line with the changes in the importance of water supply with time as it was reported by
Fukuda et al. (2012) [9]. The fluctuation of the soil water
content in Phrao is larger than that in Okinawa. In
Okinawa, the mango fruit was grown in greenhouses and
the farmer carefully controlled the soil water condition to
ensure the high-quality fruit. In Phrao, the mango fruit
was grown in an open field and management of the soil
water content was affected by meteorological conditions.
The soil water content in the flowering season in Okinawa was much lower, compared with the soil water
content in Phrao. This implies that the farmers in Okinawa manage soil water more precisely than the farmers
in Phrao.
The two-dimensional soil water and heat transfer
model successfully represented the farmer’s empirical
soil water management practice in Okinawa. The irrigation regime in Phrao can also be predicted when the meteorological data, including the solar radiation, air temCopyright © 2013 SciRes.
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